The composition of cocoa pulp simulation media (PSM) was optimized with species-specific strains of lactic acid bacteria (PSM-LAB) and acetic acid bacteria (PSM-AAB). Also, laboratory fermentations were carried out in PSM to investigate growth and metabolite production of strains of Lactobacillus plantarum and Lactobacillus fermentum and of Acetobacter pasteurianus isolated from Ghanaian cocoa bean heap fermentations, in view of the development of a defined starter culture. In a first step, a selection of strains was made out of a pool of strains of these LAB and AAB species, obtained from previous studies, based on their fermentation kinetics in PSM. Also, various concentrations of citric acid in the presence of glucose and/or fructose (PSM-LAB) and of lactic acid in the presence of ethanol (PSM-AAB) were tested. These data could explain the competitiveness of particular cocoa-specific strains, namely, L. plantarum 80 (homolactic and acid tolerant), L. fermentum 222 (heterolactic, citric acid fermenting, mannitol producing, and less acid tolerant), and A. pasteurianus 386B (ethanol and lactic acid oxidizing, acetic acid overoxidizing, acid tolerant, and moderately heat tolerant), during the natural cocoa bean fermentation process. For instance, it turned out that the capacity to use citric acid, which was exhibited by L. fermentum 222, is of the utmost importance. Also, the formation of mannitol was dependent not only on the LAB strain but also on environmental conditions. A mixture of L. plantarum 80, L. fermentum 222, and A. pasteurianus 386B can now be considered a mixed-strain starter culture for better controlled and more reliable cocoa bean fermentation processes.
Cocoa beans are the principal raw material for chocolate production (31, 36) . Raw cocoa beans have an astringent, unpleasant taste and flavor and must be cured before they can be converted into good-tasting and full-flavored chocolate. Curing involves fermentation of the cocoa beans, followed by drying and roasting. Therefore, the process of fermentation is the foundation of the entire chocolate-making process and plays a significant role in determining flavor of chocolate and other cocoa-based products. Cocoa bean fermentation is a spontaneous fermentation process; it is carried out in heaps, boxes, baskets, or trays or on platforms and lasts about 3 to 6 days (2, 28, 31, 33, 36) .
Cocoa pulp is a rich medium for microbial growth. It consists of 82 to 87% water, 10 to 15% mono-and disaccharides, 2 to 3% pentosans, 1 to 3% citric acid, and 1 to 1.5% pectin (20, 23) . Proteins, free amino acids, vitamins, and minerals are present as well. The ratio of sucrose, glucose, and fructose present in the pulp varies with pod age. Pulp and beans within the ripe pods are microbiologically sterile. When these contents are removed from the opened pods, the pulp becomes accidentally contaminated with a variety of microorganisms from the surrounding environment, many of which contribute to the subsequent fermentation (4, 28, 30) .
The heterogeneous natural cocoa bean fermentation process shows great variations in both microbial count and metabolite concentration, affecting the flavor and composition of cocoa and chocolate produced from fermented dry beans (1, (4) (5) (6) 28) . Successful cocoa bean fermentation requires a succession of particular microbial activities. At the onset of cocoa bean fermentation, yeasts are the dominating microorganisms. They are responsible for liquefying the pulp through depectinization, which reduces pulp viscosity, and for fermentative production of ethanol from carbohydrates under anaerobic (due to tight packing of the beans), acidic (presence of citric acid in the pulp), and carbohydrate-rich (sucrose, glucose, and fructose in the pulp) conditions. Recent studies on Ghanaian cocoa bean heap fermentations show that Hanseniaspora opuntiae is the predominant yeast during the initial phase of fermentation (7, 10, 18, 19) . Also, Pichia kudriavzevii, Pichia membranifaciens, and Saccharomyces cerevisiae have been reported to play a role in the fermentation of cocoa beans (1, 7, 10, 27) . As the pulp drains away, air penetrates into the fermenting mass, which creates ideal conditions for the growth of bacteria. Microaerophilic, acid-tolerant, and ethanol-tolerant lactic acid bacteria (LAB), in particular, Lactobacillus plantarum and Lactobacillus fermentum, first dominate the fermentation (1, 4, 11, 12, 19) . Glucose, fructose, and citric acid are converted into acetic acid, lactic acid, and/or mannitol, resulting in a slight increase in the pH of the pulp (4) . During the aerobic phase, created by enhanced pulp drainage and air ingress upon fermentation, acetic acid bacteria (AAB) dominate. Acetobacter pasteurianus is the most prevalent AAB species involved in spontaneous cocoa bean fermentation (4, 12, 19) . AAB oxidize the ethanol produced by the yeasts into acetic acid.
Information on the functioning of yeasts during cocoa bean fermentation is widely available (1, 7, 10, 19, 28) . Fewer studies focus on the functioning of LAB and AAB in addition to species diversity and identification (1, 4, 5, 18, 28) . To fully understand the functioning and role of LAB and AAB during cocoa bean fermentation, their kinetics of growth, substrate consumption, and metabolite production should be studied in more detail. As for other complex ecosystems, such as meat and cereal fermentations, this can be done by the use of simulation media during laboratory fermentations (14, 17) . Pettipher was the first to formulate a cocoa pulp simulation medium (PSM) that could be used for microbiological and biochemical studies of laboratory cocoa bean fermentations in general (20) .
The aim of the present study was to optimize the chemical composition of cocoa pulp simulation media to be as close as possible to the actual chemical composition due to the action of LAB and AAB strains during fermentation and to perform a kinetic analysis of particular strains of LAB and AAB species in the appropriate cocoa pulp simulation media to gain more insight into their dynamics of substrate degradation and metabolite production in view of the development of a bacterial starter culture for cocoa bean fermentation. T were purchased from the BCCM/LMG Bacteria Collection (Ghent, Belgium) and were used as well-characterized species-specific strains to initiate optimization of growth on cocoa pulp simulation media and kinetic analysis of strain growth and metabolite production behavior. Next, cocoa-specific LAB and AAB strains were used. Three strains of L. plantarum (80, 270, and 297), L. fermentum (12, 48 , and 222), and A. pasteurianus (386B, 417B, and 442) were selected out of 12 natural isolates each from spontaneous Ghanaian cocoa bean heap fermentations (4). The 12 strains were representative of different subclusters within the (GTG) 5 -PCR banding patterns of all isolates that were available (4). The following selection criteria were used to reduce the number of strains per species to three: fast growth, high cell density, fast acidification (carbohydrate fermentation in the case of LAB and ethanol oxidation in the case of AAB), production of equal amounts (on a mass basis) of lactic acid and acetic acid (based on glucose, fructose, and citric acid fermentation), and mannitol production out of fructose in the case of LAB and (over)oxidation of acetic acid and lactic acid in the case of AAB, as well as acid, ethanol, and heat tolerance in MRS medium and PSM-LAB (see below) for LAB and in MYP medium and PSM-AAB (see below) for AAB (unpublished results).
MATERIALS AND METHODS

Selection and maintenance of microorganisms. Strains
LAB and AAB strains were stored at Ϫ80°C in MRS medium (Oxoid Ltd., Basingstoke, United Kingdom) and mannitol-yeast extract-peptone (MYP) medium (2.5% D-mannitol, 0.5% yeast extract, and 0.3% bacteriological peptone [Oxoid] , wt/vol), respectively. All media were supplemented with 25% (vol/vol) glycerol as a cryoprotectant.
Formulation and validation of cocoa pulp simulation media and fermentation conditions. The compositions of the cocoa pulp simulation media (PSM) supporting good growth of LAB (PSM-LAB), representative of the composition of cocoa pulp at the start of fermentation, and AAB (PSM-AAB), representative of the composition of cocoa pulp after 2 days of fermentation, developed during this study are shown in Table 1 . Ten-liter fermentations (see below) with monocultures of L. fermentum LMG 6902 T (PSM-LAB), L. plantarum LMG 6907 T (PSM-LAB), and A. pasteurianus LMG 1262 T (PSM-AAB) were carried out to optimize and validate medium composition and fermentation conditions. Therefore, the amounts of carbohydrates (sucrose, glucose, and fructose) and the levels of aeration and agitation (in the case of AAB) of the media were varied (unpublished results). For instance, sucrose was omitted from the final medium for LAB, because it was barely metabolized, and the concentration of glucose and fructose was adjusted to 25 g liter Ϫ1 to enable full fermentation within 48 h (time span of LAB growth during spontaneous cocoa bean fermentation). Citric acid, which is present in cocoa pulp at the start of the fermentation, was added as a cosubstrate for LAB (PSM-LAB), while ethanol and calcium lactate were added as energy sources for AAB, reflecting the cocoa pulp composition after 2 days of fermentation (PSM-AAB) (4). Vegetal-origin, neutralized soya peptone and granulated yeast extract ensured the availability of nitrogen, trace elements, and growth factors. Moreover, the presence of yeast extract mimicked yeast cell lysis, releasing vitamins and other nutrients, upon cocoa bean fermentation (4). Magnesium and manganese were added to support good growth of lactobacilli (PSM-LAB). Tween 80 facilitated nutrient uptake by lactobacilli in PSM-LAB and served as an antifoam agent in PSM-AAB. Continuous aeration (see below) of PSM-AAB simulated infiltration of air and turning during a natural cocoa bean heap fermentation process. Finally, a medium validation based on a coculture fermentation of L. plantarum LMG 6907 T and L. fermentum LMG 6902 T was performed.
Fermentation experiments. Fermentations with the LAB and AAB strains, both type strains and selected strains (three cocoa-specific strains per species investigated), were carried out using computer-controlled, 15-liter laboratory fermentors (Biostat C; Sartorius AG/B. Braun Biotech International, Melsungen, Germany) containing 10 liters of PSM-LAB or 8 liters of PSM-AAB, respectively. The pH values of PSM-LAB and PSM-AAB were adjusted to pH 3.5 and 4.5, respectively, before sterilization. The vessels were sterilized in situ at 121°C and 110,000-Pa overpressure for 20 min. Glucose, fructose, and citric acid solutions were autoclaved (121°C, 210,000 Pa, 20 min) separately, and ethanol was filter sterilized (0.2-m-pore-size filters, Minisart RC 4; Sartorius AG, Göt-tingen, Germany), followed by aseptic transfer to the media. For inoculum buildup, strains were initially transferred from Ϫ80°C to MRS (LAB) or MYP (AAB) medium and incubated at 37°C for 12 h or 30°C for 24 h, respectively. Afterwards, the strains were propagated twice in the appropriate PSM with the energy source of interest and finally inoculated into the fermentor. The transfer inoculum was always 1% (vol/vol), except for the final inoculum with PSM-AAB, which was 6% (vol/vol). During LAB fermentation, a linear pH profile was applied using 10 M NaOH or 1.5 M HCl, starting from pH 3.5 (pH of fresh cocoa pulp) and ending at pH 4.0 (pH of cocoa pulp after 48 h of fermentation) over 48 h (time span of most important microbial activities during spontaneous cocoa bean heap fermentation). A constant pH of 4.5 (pH after 2 days of fermentation) was used for the AAB fermentations. The AAB fermentations were carried out aerobically by continuous sparging of the medium with 15 liters min Ϫ1 sterile air for 48 h. Agitation (100 rpm for LAB to keep the fermentation medium homogeneous and 300 rpm for AAB to improve aeration), temperature (37°C for LAB and 30°C for AAB), and pH (see above) were controlled online (MFCS/win 2.1 software; Sartorius AG).
For detailed kinetic analysis of the L. plantarum 80 and L. fermentum 222 fermentations, the initial concentrations of glucose (139 mM) and fructose (139 mM) of PSM-LAB were kept constant, while the initial concentration of citric acid (26, 39, 52, or 104 mM) was changed to investigate the effect of citric acid on the fermentation kinetics of the cocoa-specific LAB strains studied. Also, fermentations in modified PSM-LAB were performed with glucose (139 mM), fructose (139 mM), glucose (139 mM) plus fructose (139 mM), or citric acid (52 mM) as the sole energy source. An extra fermentation in PSM-LAB was performed with glucose (139 mM), fructose (139 mM), and citric acid (26 mM) at a Similarly, for detailed kinetic analysis of A. pasteurianus 386B fermentations, the influence of differing initial concentrations of lactic acid (38, 75, or 150 mM) of PSM-AAB was examined, while the initial concentration of ethanol was kept constant (220 mM). Two additional fermentations in modified PSM-AAB were performed with ethanol (220 mM) or lactic acid (75 mM) as the sole energy source.
During all fermentations, samples were withdrawn aseptically from the fermentor at regular time intervals for further analysis. All fermentations were performed in triplicate, and the graphs in the figures display representative results.
Analysis of growth. Growth was measured as optical density at 600 nm (OD 600 ) (Uvikon 923; Kontron Instruments, Milan, Italy). CFU of LAB and AAB were determined through plating of serial 10-fold dilutions of samples in saline (0.85%, wt/vol, NaCl) on MRS and MYP agar, respectively.
Analysis of metabolites. Concentrations of lactic acid, acetic acid, and ethanol were determined by high-performance liquid chromatography (HPLC) analysis with a Waters chromatograph (Waters Corp., Milford, MA) equipped with a 2414 differential refractometer, a 600S controller, a column oven, and a 717plus autosampler. An ICSep ICE ORH-801 column (Interchim, Montluçon, France) was used with 10 mN H 2 SO 4 as the mobile phase at a flow rate of 0.4 ml min
Ϫ1
. The column temperature was kept at 35°C. Samples were centrifuged (16,060 ϫ g for 15 min), and equal volumes of 20% (vol/vol) trichloroacetic acid were added to the cell-free culture supernatants to remove proteins. After centrifugation (16,060 ϫ g for 5 min), the supernatant was filtered (0.2-m-pore-size filters; Minisart RC4) before injection. External standards were used for quantification.
Concentrations of glucose, fructose, and mannitol were determined by highperformance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) (Dionex, Sunnyvale, CA) with a DX500 chromatograph using a CarboPac PA10 column. The mobile phase, at a flow rate of 1.0 ml min
, consisted of ultrapure water (0.015 S cm Ϫ1 ) (eluent A), 167 mM NaOH (eluent B), and 500 mM NaOH (eluent C). The following gradient was applied: 0 min, 87% eluent A and 13% eluent B; 20 min, 87% eluent A and 13% eluent B; 30 min, 100% eluent C; 32 min, 100% eluent C; and 35 min, 87% eluent A and 13% eluent B. To remove proteins, fermentation samples (700 l) were treated with 700 l of acetonitrile. After centrifugation (16,060 ϫ g for 15 min), the supernatant was filtered (0.2 m; Minisart RC 4) prior to injection. External standards were run together with the samples for quantification.
The concentration of citric acid was determined by HPAEC with conductivity monitoring under ion suppression (CIS) on an ICS3000 chromatograph, using an AS-19 column (Dionex). The mobile phase, at a flow rate of 1.0 ml min Ϫ1 , consisted of ultrapure water (0.015 S cm Ϫ1 ) (eluent A) and 100 mM KOH (eluent B). The following gradient was applied: 0 min, 96% eluent A and 4% eluent B; 20 min, 96% eluent A and 4% eluent B; and 60 min, 0% eluent A and 100% eluent B. The samples were treated with acetonitrile for protein removal as described above, appropriately diluted, filtered (0.2 m; Minisart RC 4) prior to injection, and run together with the appropriate external standards.
All samples were analyzed in triplicate, and the average values and standard deviations are presented.
The percent carbon recovery of the carbohydrate and citric acid conversions during the fermentations was calculated by dividing the total amount of carbon recovered in the sugar metabolites by the total amount of carbon present in the added energy sources.
RESULTS
Formulation and validation of cocoa pulp simulation media and fermentation conditions with the type strains of L. plantarum, L. fermentum, and A. pasteurianus. The compositions of optimal PSM-LAB and PSM-AAB (Table 1) supported good growth of the investigated type strains of LAB and AAB, respectively. In PSM-LAB, L. plantarum LMG 6907 T (homofermentative) utilized both glucose and fructose simultaneously (not completely consumed after 48 h of fermentation), slightly converted citric acid near the end of the fermentation, and produced primarily lactic acid (and very small amounts of acetic acid out of citric acid) (Fig. 1A) . Lactobacillus fermentum LMG 6902 T (strictly heterofermentative) did not convert citric acid and utilized both glucose (almost exclusively during the exponential growth phase) and fructose of PSM-LAB (Fig.  1B) . Glucose and fructose were fermented into lactic acid, acetic acid, and ethanol, whereas some of the fructose was reduced to mannitol (fructose was depleted after 24 h of fermentation). In the coculture fermentation of L. plantarum LMG 6907
T and L. fermentum LMG 6902 T in PSM-LAB, glucose and fructose (partially converted into mannitol) were both utilized incompletely, citric acid was slightly converted, and T (B) and coculture fermentation of these two strains (C) in cocoa pulp simulation medium for lactic acid bacteria (PSM-LAB). Right axis: ᭜, log CFU ml
Ϫ1
. Left axis (concentrations in mM): f, glucose; OE, fructose; F, citric acid; Ⅺ, lactic acid; ‚, acetic acid; E, mannitol; छ, ethanol. lactic acid (mainly) and acetic acid (small amount) were produced (Fig. 1C) . In PSM-AAB, A. pasteurianus LMG 1262 T oxidized ethanol to acetic acid over a time span of 48 h and simultaneously oxidized about 60% of the initial lactic acid to carbon dioxide and water ( Fig. 2A) .
Comparison of selected cocoa-specific LAB and AAB strains on fermentor scale regarding kinetics of growth, substrate consumption, and metabolite production. The selected cocoaspecific L. plantarum strains reached maximum cell counts after 9 or 12 h of fermentation in PSM-LAB for strain 80 (Fig.  3A) or strains 270 and 297 (data not shown), respectively. In the case of strains 80 (Fig. 3A) and 270 (data not shown), the cell counts remained stable upon further fermentation, whereas a decrease was seen for strain 297 (data not shown). All three strains metabolized glucose and fructose at the same time; in the case of strains 270 and 297, this occurred after a lag phase of 6 h (Fig. 3A and data not shown) . In no case were glucose and fructose depleted after 48 h of fermentation (Fig.  3A and data not shown) . Lactic acid was the major metabolite produced during growth on glucose and fructose, while citric acid was fermented only slightly at the end of the fermentation ( Fig. 3A ; Table 2 ).
The selected cocoa-specific L. fermentum strains reached maximum cell counts after 9 to 12 h of fermentation in PSM-LAB (Fig. 3B and data not shown) . In the case of strain 222, the cell counts plateaued after 12 h of fermentation (Fig. 3B) , while growth of L. fermentum 12 declined (data not shown). All three strains consumed glucose and fructose simultaneously; glucose was not depleted after 48 h of fermentation, whereas fructose was exhausted within 30, 48, and 48 h of fermentation for strains 12 (data not shown), 48 (data not shown), and 222 ( Fig. 3B) , respectively. Glucose was fermented into lactic acid, acetic acid, and carbon dioxide ( Fig. 3B ; Table 2 ); in the case of strain 48, a small amount of ethanol was also formed (data not shown). Fructose was mainly reduced to mannitol, but a small portion was fermented into lactic acid, acetic acid, and carbon dioxide ( Fig. 3B ; Table 2 ). Citric acid was completely converted to mainly acetic acid and carbon dioxide within 6 h (strains 48 and 222 [data not shown and Fig. 3B , respectively]) to 9 h (strain 12 [data not shown]) of fermentation. The selected cocoa-specific A. pasteurianus strains grew to maximum cell densities in the order 386B Ͼ 417B Ͼ 442 (data not shown). Strains 386B and 417B oxidized all ethanol within 21 h of fermentation, with an accompanying accumulation of acetic acid (up to 21 h) that was then further oxidized to carbon dioxide and water, to be completely depleted after 48 h of fermentation (Fig. 2B and data not shown) . Lactic acid was oxidized simultaneously into carbon dioxide and water and was depleted after 28 h of fermentation (Fig. 2B and data not  shown) . Strain 442 oxidized almost all ethanol within 48 h of fermentation, while the concentration of lactic acid remained constant during the first 22 h of fermentation, followed by a decrease upon further fermentation (data not shown); after 22 h of fermentation, production of acetic acid was found (data not shown).
All of these fermentation data resulted in the choice of three strains for further kinetic analysis, mainly based on the cell densities obtained. For LAB, strain L. fermentum 222 was chosen because of its ability to achieve a high cell density within a reasonable fermentation time, its rapid conversion of citric acid, its production of almost equal amounts (on a mass basis) of lactic acid and acetic acid, and its production of mannitol. Strain L. plantarum 80 was chosen for its ability to achieve a high cell density within a reasonable fermentation time but also, in contrast to L. fermentum 222, for its production of mainly lactic acid. For AAB, strain A. pasteurianus 386B was chosen because this strain achieved a high cell density within a reasonable fermentation time and consumed lactic acid at the same time that ethanol was oxidized into acetic acid.
Influence of citric acid on the kinetics of L. plantarum 80 and L. fermentum 222 fermentations. With glucose (139 mM), fructose (139 mM), or citric acid (52 mM) as the sole energy source during fermentations with L. plantarum 80, glucose or fructose was not depleted within 48 h of fermentation, while citric acid was (Table 2) . Both glucose and fructose were fermented mainly into lactic acid (Table 2 ). More fructose was fermented a Fermentation conditions are given as the concentration (in mM) followed by the abbreviated component: G, glucose; F, fructose; C, citric acid; L, lactic acid; or E, ethanol.
b The amount of substrate consumed or metabolite produced is the difference in concentrations of the samples taken at 0 and 48 h of fermentation. In the case of PSM-AAB fermentations, lactic acid and ethanol were consumed; the acetic acid concentration was the maximum concentration produced during fermentation.
c In both types of fermentations, PSM-LAB and PSM-AAB, carbondioxide was not taken into account.
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than glucose (data not shown). In the presence of glucose, fructose, and citric acid, low (26 and 39 mM) and 52 mM or higher (104 mM) initial concentrations of citric acid were hardly consumed, except with fermentation at a constant pH of 5.5 in the presence of 26 mM citric acid, while cofermentation of glucose and fructose resulted in the production of solely lactic acid (Table 2) . In all cases, no mannitol was formed; fructose was always fermented ( Fig. 3A ; Table 2 ). With glucose (139 mM), fructose (139 mM), or citric acid (52 mM) as the sole energy source during fermentations with L. fermentum 222, glucose or fructose was not completely consumed within 48 h of fermentation, while citric acid was depleted within 9 h (Table 2 ); a lag phase of 24 h was observed in the case of glucose and fructose, which could be ascribed to cell death until a pH of about 4.0 (after 15 h of fermentation) was reached (data not shown). Glucose and fructose were fermented to mainly lactic acid/ethanol/carbon dioxide and lactic acid/acetic acid/carbon dioxide, respectively, within 48 h of fermentation; fructose was partially converted into mannitol ( Table 2) . Citric acid conversions resulted in the production of more acetic acid/carbon dioxide than lactic acid (Table 2 ). In the presence of both glucose and fructose, growth of L. fermentum 222 was not delayed (data not shown) and glucose and fructose were both fermented to lactic acid, acetic acid, and carbon dioxide (Table 2 ). In addition, part of the fructose was reduced to mannitol (Table 2) , and it was depleted within 24 h of fermentation, after which ethanol production started (data not shown and Table 2 ). In the presence of glucose, fructose, and citric acid (26, 39, 52, and 104 mM), growth was not delayed and citric acid was converted first, whereas glucose and fructose consumption started after 3 h of fermentation (Fig. 3B and data not shown). When citric acid was exhausted, carbohydrate fermentation was delayed for 22 h with an initial concentration of 26 mM citric acid compared to fermentation with higher initial citric acid concentrations (data not shown). Whereas mainly lactic acid, acetic acid, and carbon dioxide were formed, mannitol was produced in all cases, in particular in the presence of an initial citric acid concentration of 52 mM ( Fig. 3B ; Table 2 ) and at a constant pH of 5.5 with 26 mM citric acid ( Table 2) . The production of different mannitol concentrations in the presence of 26 mM and 39 mM citric acid was due to differences in fructose consumption (Table 2) . In all cases, fructose was both fermented and converted into mannitol ( Fig. 3B; Table 2) .
A coculture fermentation of L. plantarum 80 and L. fermentum 222 resulted in the production of almost equal amounts (on a mass basis) of lactic acid/acetic acid (no ethanol) and mannitol, due to fermentation of glucose (not to depletion) and citric acid (converted within 6 h) and depletion of fructose within 30 h of fermentation, respectively (Fig. 3C) .
Influence of lactic acid on the kinetics of A. pasteurianus 386B fermentations. During fermentations with A. pasteurianus 386B in the presence of ethanol as the sole energy source, ethanol was oxidized to acetic acid, which reached a maximum concentration after 24 h of fermentation, followed by complete oxidation to carbon dioxide and water within 24 h (Table 2 and data not shown). With lactic acid as the sole energy source, growth of A. pasteurianus 386B was favored and lactic acid was oxidized to carbon dioxide and water, while a small amount of acetic acid accumulated after 6 h of fermentation and again decreased thereafter by oxidation to carbon dioxide and water (Table 2 and data not shown). During the fermentation with A. pasteurianus 386B in the presence of both ethanol (220 mM) and lactic acid (38, 75, and 150 mM), almost all ethanol was oxidized to acetic acid after 24 h (in the case of 38 mM and 75 mM initial lactic acid, which was oxidized to carbon dioxide and water within 15 and 30 h of fermentation, respectively) or 30 h (in the case of 150 mM initial lactic acid, which was oxidized to carbon dioxide and water within 48 h) of fermentation. After this, acetic acid was further oxidized to carbon dioxide and water, indicating a preference for ethanol as the oxidation substrate ( Fig. 2B; Table 2 ).
DISCUSSION
Based on the data from the community dynamics and metabolite target analyses of natural cocoa bean heap fermentation processes (4-6) as well as the optimization of the chemical composition of cocoa pulp simulation media and the kinetics of growth, substrate consumption, and metabolite production of selected, possibly dominant LAB and AAB strains during laboratory fermentations in cocoa pulp simulation media (this study), a potential starter culture formulation could be developed. This starter culture formulation is composed of functional strains of L. plantarum, L. fermentum, and A. pasteurianus. Starter cultures have long been used in the dairy, meat, and wine industries; the industrial applicability of functional starter cultures with spontaneously fermented foods is currently under investigation (13) . Whereas fermentative and pectinolytic yeast starter cultures have been tried before to speed up cocoa bean fermentation with respect to pulp volume and air ingress, the use of a mixed starter culture of LAB and AAB strains for this fermentation is promising as well (3, 8, 24, 26, 29) .
During the present study, after validation of the potential of the cocoa pulp simulation media with species-specific strains of L. plantarum, L. fermentum, and A. pasteurianus, initial fermentation experiments were performed to compare several cocoa-specific strains of LAB and AAB isolated from natural cocoa bean fermentations. Yeasts were not taken into account, as sampling results from natural cocoa bean heap fermentations indicate that their initial number is quite high, concomitant with the absence of residual sucrose at the start of fermentation and hence reflecting the maturation stage of the harvested pods (4). This first screening was necessary to define a correct starter culture mixture, as it has been shown before that the starter strains most competitive to perform in a particular fermented food ecosystem are derived from their natural environment (13, 15) . Therefore, appropriate growthsupporting pulp simulation media for species-specific LAB (PSM-LAB) and AAB (PSM-AAB) were formulated during the present study based on (i) the chemical composition of natural cocoa pulp as a function of fermentation time, omitting compounds that influence the transparency of the medium due to low solubility (e.g., polysaccharides, such as pectin) and hence interfere with growth measurements, and (ii) the desirable energy sources (glucose/fructose and ethanol, respectively) and appropriate nutrients allowing good bacterial growth of species-specific strains (4, 20, 23, 27) . The omission of pectin from the cocoa pulp simulation media was accept- able, because pectinolytic activity during cocoa bean fermentation is due to yeasts (27) . Citric acid was included in PSM-LAB, as it has been shown that citric acid conversion occurs at the beginning of the cocoa bean fermentation and determines, together with acid and ethanol tolerance, the dominance of certain LAB species during spontaneous Ghanaian cocoa bean heap fermentations (4, 5) . Lactic acid was included in PSM-AAB, as it has been shown that dominance of A. pasteurianus throughout Ghanaian cocoa bean heap fermentation is due to growth on ethanol and lactic acid, combined with tolerance to acid, ethanol, and heat (4, 5) . The concentrations of all medium components used did not precisely reflect a certain time point of the composition of cocoa pulp, because cocoa bean fermentation is a dynamic process, but they were chosen to result in good growth of LAB and AAB dominating cocoa bean fermentation under appropriate physical circumstances to understand the functional role of these bacterial species (1, 4, 5, 28) . Interestingly, all cocoa-specific L. fermentum strains tested converted citric acid, in contrast to the type strain of L. fermentum. This indicates strain-dependent differences within this species and reflects an adaptation of indigenous strains to their ecosystem, as cocoa pulp is rich in citric acid (1 to 3%) and possesses a low pH (3.0 to 3.5) (20, 23, 27) . The straindependent metabolism of citric acid by L. fermentum has been noticed before (21) . As consumption of citric acid results in the production of organic acids with a higher pK a value, it hence increases the pH of the environment, which allows better bacterial growth and microbiological control of the environment (4, 28) .
This study proposes a starter culture, composed of L. plantarum 80 (originating from heap 3 [4] ), L. fermentum 222 (heap 6 [4] ), and A. pasteurianus 386B (heap 5 [4] ), for heap fermentation of Ghanaian cocoa beans, based on predictable good performance during cocoa bean fermentation, as validated through the laboratory fermentations in the appropriate cocoa pulp simulation media mentioned above. In all cases investigated in the present study, the acid-tolerant strains L. plantarum 80 (not citric acid consuming) and L. fermentum 222 (citric acid consuming) performed homolactic and heterolactic fermentation, respectively, in the presence of glucose or fructose as the sole energy source. The higher acid sensitivity of L. fermentum 222 (as revealed by death of the cells at the onset of the fermentations, when the pH was 3.5, with glucose and fructose as the sole energy source) is in agreement with the natural succession of LAB species during Ghanaian cocoa bean heap fermentations. Indeed, during a spontaneous Ghanaian cocoa bean heap fermentation process, L. plantarum occurs mainly in the beginning of the fermentation (the initial pH of the cocoa pulp is 3.5 due to the presence of citric acid), and L. fermentum survives and dominates throughout the fermentation process (with a concomitant increase of the pH of cocoa pulp up to 4.0) (4).
L. plantarum and L. fermentum are generally associated with vegetable-based and cereal fermentations (9) . With both glucose and fructose as the energy source, as is the case during spontaneous cocoa bean fermentation, both components were fermented simultaneously by these LAB species, fructose being completely consumed before glucose, which might be due to its simultaneous use as an energy source and an external electron acceptor, in particular in the case of L. fermentum. Indeed, in the case of heterofermentative LAB, fructose can serve as an alternative external electron acceptor, being reduced to mannitol by a mannitol dehydrogenase (35) . In the presence of fructose as the sole energy source, a maximal conversion to mannitol of 66.7% (60% in the case of L. fermentum 222) can be expected, as in general 1 mol of fructose is fermented while 2 mol of fructose are reduced to mannitol. In the presence of both fructose and other carbohydrates, higher fructose-into-mannitol conversions can be expected (82% in the case of L. fermentum 222 with both glucose and fructose). Alternatively, fructose-loving bacteria, such as Fructobacillus pseudoficulneus, participate in the initial LAB growth phase of cocoa bean fermentation processes as well (18; unpublished results). The formation of equal amounts (on a mass basis) of lactic acid and acetic acid-besides mannitol out of fructose-within a certain time span, as was the case for the chosen L. fermentum strain, is of importance for controlled cocoa bean fermentation processes, as less lactic acid (nonvolatile) will positively affect the acidity of fermented dry cocoa beans and hence the taste of chocolate made thereof (6) . Also, more acetic acid (instead of ethanol) is produced by the reduction of fructose to mannitol and the conversion of citric acid into pyruvate, from a physiological point of view to regenerate the NAD ϩ cofactor and to produce extra ATP, explaining good growth of the strains at low pH. Fast citric acid conversion at the onset of fermentation confirms the role of acid-tolerant LAB during a natural cocoa bean fermentation process, namely, (i) initial growth on citric acid, avoiding competition with depectinizing (citrate-negative) yeasts that degrade carbohydrates to ethanol anaerobically; (ii) pH regulation of cocoa pulp upon fermentation (replacing citric acid with acetic acid and lactic acid), ensuring better growth and microbiological stability of the ecosystem; (iii) fermentative production of flavor precursor molecules (acetic acid, pyruvate catabolites, and amino acid conversion products); and (iv) appropriate conditions for proteolysis, flavor precursor formation, and color development within the beans (4, 5, 7) .
The fermentation behavior of L. fermentum 222 in the presence of different initial concentrations of citric acid can be explained by a preference for citric acid as a cosubstrate and a possible link between citric acid fermentation and mannitol production, most likely due to the NADH requirement of mannitol dehydrogenase, which is in turn dependent on central carbohydrate metabolism. Accordingly, citric acid consumption stimulates amino acid conversions in LAB (30, 34) , indicating that metabolic connections may exist between citric acid conversion and processes such as amino acid interconversion (34) and mannitol production (this study). Similarly, in vitro experiments have shown that lactate dehydrogenase activity catalyzes the reduction of phenylpyruvic acid into phenyllactic acid (16) . However, in all cases in the present study, citric acid fermentation was optimal in the presence of an initial concentration of 52 mM citric acid, at least at the pH of cocoa bean pulp. The corresponding high mannitol production levels, compared with those seen with lower (26 and 39 mM) or higher (104 mM) initial concentrations of citric acid, were probably the result of lack of stimulation of mannitol production or inhibition of the metabolic flux toward mannitol formation, respectively. It is likely that when carbohydrates and citric acid 7714 LEFEBER ET AL. APPL. ENVIRON. MICROBIOL.
are consumed simultaneously, NAD ϩ regeneration is performed by the reduction of pyruvate, coming from citric acid, to lactic acid. However, a shift in the conversion of pyruvate leads to acetic acid (from acetyl-phosphate) instead of ethanol, as was the case for L. fermentum 222, which enables extra ATP generation. Moreover, once citric acid fermentation was finished, a metabolic shift to lactic acid/acetic acid production occurred.
The acid-and ethanol-tolerant A. pasteurianus 386B strain oxidized lactic acid and ethanol simultaneously, as well as acetic acid intermediately formed out of lactic acid and ethanol, to carbon dioxide and water. This means that during a natural cocoa bean heap fermentation process, lactic acid produced by LAB will favor growth of A. pasteurianus, enabling generation of reducing equivalents that are needed in many synthetic pathways and redox reactions and of ATP production by means of its oxidation together with oxidation of ethanol to acetic acid. The former takes place through lactate dehydrogenase, pyruvate decarboxylase, and acetaldehyde dehydrogenase activities (22) , while the latter depends on the sequential action of pyrroquinoline-quinone-dependent alcohol dehydrogenase and acetaldehyde dehydrogenase activities (32) . However, so-called overoxidation of acetic acid to carbon dioxide and water in both cases decreases the amount of volatile acetic acid and increases the amount of heat produced upon oxidation. Heat and acetic acid production cause the end of a natural cocoa bean fermentation process, and penetration into the seeds kills the embryo (28) . In addition, acetic acid acts as a flavor precursor molecule and initiates biochemical processes inside the beans that, for instance, produce additional flavor precursor molecules. Whereas overoxidation of acetic acid may be disadvantageous, the amount of acetic acid formed by both LAB and AAB activities is enough to produce well-fermented cocoa beans and acceptable chocolate made thereof, provided that the right strains are in place (natural fermentation process) or added (starter culture formulation). Indeed, the use of Gluconacetobacter xylinus subsp. xylinus as the starter strain for the fermentation of cocoa beans, without an intermediate LAB fermentation phase, resulted in fermented cocoa beans with lower pH and higher levels of acetic acid but less cocoa flavor than naturally fermented cocoa beans (25) .
To conclude, the present study contributes to the explanation of the competitiveness of particular strains of L. plantarum (homolactic and acid tolerant), L. fermentum (heterolactic, citric acid fermenting, mannitol producing, and less acid tolerant), and A. pasteurianus (ethanol and lactic acid oxidizing, acetic acid overoxidizing, acid tolerant, and moderately heat tolerant) during the natural cocoa bean heap fermentation process. In particular, it reveals that citric acid fermentation is important for the onset of the cocoa bean fermentation process by an appropriate LAB strain. Also, mannitol production and lactic acid and acetic acid production and further overoxidation determine the properties of well-fermented cocoa beans. This study further indicates that, by setting the initial conditions, defined inocula of yeast, LAB, and AAB can now be considered mixed-strain starter cultures that should lead to better controlled and more reliable cocoa bean fermentation processes and hence good-tasting and flavorful chocolates.
